Aims Woodpeckers possess mechanisms protecting the eye from shaking/impact. Mechanisms available to woodpeckers but not humans may help explain some eye injuries in Shaken Baby syndrome (SBS). Methods Gross dissection and histologic examination of eyes and orbits of seven woodpeckers. Results All birds showed restricted axial globe movement due to the tight fit within the orbit and fascial connections between the orbital rim and sclera. The sclera was reinforced with cartilage and bone, the optic nerve lacked redundancy, and the vitreous lacked attachments to the posterior pole retina. Conclusions Woodpecker eyes differ from human infants by an inability of the globe to move axially in the orbit, the sclera to deform, and the vitreous to shear the retina. These findings support current hypotheses that abusive acceleration-deceleration-induced ocular injury in human infants may be related to translation of vitreous within the globe and the globe within the orbit. The woodpecker presents a natural model resistant to mechanical forces that have some similarity to SBS.
Introduction
Retinal haemorrhages are one of the principle manifestations of Shaken Baby syndrome (SBS), occurring in 50-100% of cases. [1] [2] [3] [4] [5] Other ocular findings include schisis of the macula induced by vitreous traction, optic atrophy, and less commonly, retinal detachment. Retinal haemorrhages in SBS are thought to be in part the result of acceleration-deceleration-induced shearing forces as the vitreous moves within the globe and the globe moves within the orbit. 6 Impact amplifies the acceleration-decelerationinduced forces. 7 Animal models for SBS have been created by laboratory shaking of rats, mice, pigs, and cats. Most researchers examined the brains without looking at the eyes or orbits. 8, 9 In murine models, when eye examination was conducted, retinal haemorrhage may or may not be seen. 10 The woodpecker presents a naturally occurring model resistant to mechanical forces similar to those encountered in SBS, and we therefore reasoned that insight into the pathophysiology of SBS could be gained from understanding mechanisms in the woodpecker eye that protect it from injury during rapid accelerationdeceleration while pecking.
Materials and methods
12 prepared adult woodpecker skulls representing five species collected from a variety of sources were examined to assess the orientation and structure of the orbit within the skull. All skulls were photographed from at least three orientations with a metric ruler ( Figure 1 ).
Seven dead woodpeckers were collected from parts of Wisconsin by the School of Veterinary Medicine, University of Wisconsin, Madison campus. All seven birds had been collected after death from a variety of causes: two tower strikes, one hawk kill, four unknown. The woodpeckers represented three species: two flickers (Colaptes auratus), two red-headed woodpeckers (Melanerpes erythrocephalus), and three yellow bellied sapsuckers (Sphyrapicus varius).
All birds were immersion fixed in 10% neutral buffered formalin for periods ranging from 3 days to 6 months. Using loupes, we performed macroscopic dissection of the fascial attachments between the anterior portions of the globe and surrounding structures using a scalpel blade, scissors, and ronjeurs. In one bird, the globe was approached by first invading the intracranial space and dissecting forward so that the orbit was opened from behind and above. After we inspected the relationship of the globe and optic nerve to the bony orbit, the eyes were enucleated. The extraocular muscles were identified and used for orientation of the globe. Five of the dissected eyes were then decalcified for 30-60 min using Decal I (Surgipath Medical Industries Inc., Richmond, IL, USA) and inspected under a dissecting microscope after dividing the globe into two calottes at 1501, below the optic nerve. These five eyes were then routinely processed for paraffin embedding and subsequently sectioned at 8 mm for histologic examination. Sections were stained with haematoxylin and eosin, Masson trichrome or alcian blue, and periodic acid Schiff. All steps of the gross and microscopic dissections were photographed. Five dissections were performed at the University of Wisconsin School of Veterinary Medicine by the authors (TWJ, CJM, AVL) with two additional birds being dissected at The Hospital for Sick Children by one or two authors (TWJ, AVL). Slight variations on the above technique were used for the latter birds, since they were used for the purpose of identifying the angle of the visual axes, optic nerve lengths, and axial globe lengths.
Results
We found no significant ocular or orbital variations among the seven different species of woodpeckers. Examination of gross specimens as well as the prepared skulls revealed that, the woodpecker orbits take up most of the skull and have a far greater volume than the brain cavity, which is posterior and medial to the orbits. The two globes are separated at the midline by a thin (approx. 0.1 mm) bony interorbital septum. The globe is supported inferio-laterally by the bony quadrate process (Figure 1 ). The quadrate bone suspends the lower jaw in nonmammalian vertebrates and represents the evolutionary forerunner of an inner ear bone (the incus) in mammals. The orbital floor consists of a firm membrane that runs medially from the quadrate process. The globe is oriented in the skull such that the visual axis makes an angle of approximately 751 relative to the sagittal plane, placing the posterior pole of the retina tangential to the anterior-posterior plane of the strike.
In fixed specimens the palpebral fissure is narrow and allows exposure of less than 50% of the corneal surface. It is exposed to a greater degree in life. On dissection of the periocular tissues we found that a shallow cone of extensive very adhesive fascial interconnections involved the periorbita, the orbital rim and the sclera. These were the subocular ligament, the subocular laryngomandibular ligament, and the postorbital ligaments. Although the prolonged formalin fixation made fine gross dissection of the tissues difficult, we found that virtually the majority of the bulbar surface of the lids, beginning at the conjunctival fornices and extending peripherally, is intimately related and attached to the underlying sclera from the orbital rim forward (Figure 2 ). Only the regions extending 1-2 mm peripherally from the upper and lower lid margins are free of these fascial attachments. This causes the anterior portion of the globe to be bound firmly to the overlying lids and orbital rim.
Laterally, the medial aspect of the globe at the plane of the ora serrata is actually well within the orbital limits. The orbital rim lies just posterior to the posterior margin of the scleral ossicles ( Figure 1 ). The scleral ossicles are small bones in the anterior sclera that unite to form a ring that extend from just posterior to the limbus to the equatorial region of the globe. The scleral ossicles are a constant anatomic feature in the eyes of all birds. They determine the shape of the eye, serve as firm anchors for the origin of the striated ciliary muscles and provide protection to the lateral aspect of the globe that lies largely outside of any bony orbital protection. The Protective ocular mechanisms in woodpeckers T Wygnanski-Jaffe et al
84
Eye nictitating membrane covers the eye inferiorly and medially during rest and passes laterally across the globe. Macroscopic dissection of the orbit after the lids, periorbita, and superior orbital rims were removed, revealed that the globe enlarges dramatically behind the palpebral apertures such that the posterior segment of the eye has a cross-sectional width that is remarkably larger than the anterior segment. The globe is situated tightly within the orbit and the posterior segment is closely apposed to the bony orbital walls. Therefore, it appears that translational movement of the globe in the orbit would be severely limited. The optic nerve is straight with no redundancy. In the birds that were measured, the mean axial length of the eye was 7.5 mm and the intraorbital length of the optic nerve was o1 mm.
Only after enucleation could we demonstrate the six extraocular muscles directly adherent to the posterior sclera ( Figure 3 ). The woodpecker has four rectus muscles, and an inferior and superior oblique muscle, which move the globe. In addition, the pyramidalis and quadratus muscles originate from the posterior surface of the globe and act in concert to effect movement of the nictitating membrane. The tendon of the pyramidalis muscle passes through the aponeurotic sleeve-like insertion of the quadratus muscle. The tendon encircles the optic nerve and passes inferiorly and then anterior in route to its insertion on the inferomedial aspect of the nictitan. When the quadratus muscle contracts it acts to amplify the action of the pyramidalis muscle and thereby effects movement of the nictitans. Unlike humans, they possess no muscular cone running parallel to the optic nerve. Rather, the extraocular muscle orientations from orbital wall to insertion on the sclera (excepting the quadratus and pyramidalis muscles) have a 'plate-like' configuration lying completely tangential to the sclera. These muscles effect rotational movements of the eye, although the degree of ocular movement would be limited by the firm fascial attachments of the sclera to the periorbita.
After enucleation, decalcification and sectioning of the globes, we were able to identify the pecten; a pigmented vascular structure which emanates from the optic nerve head extending forward into the vitreous. Woodpeckers, similar to other avian species do not have retinal vessels. The pecten is thought to provide nutrition to the internal layers of the retina. Although the vitreous was degenerated in all specimens examined, the woodpecker vitreous appears to have a more solid consistency than the viscous liquid of the formalin-fixed human vitreous based on a qualitative observation of primarily fixed specimens. Although, ideally measurements of fresh vitreal samples from both adult and infant humans as well as from woodpeckers to address this issue would provide firmer confirmation, these were not available. We were able to observe that the vitreous is attached to the apex of the pecten (Figure 4 ). No vitreous 
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Eye attachments were observed between the vitreous and posterior pole although it appeared that the vitreous was apposed to the peripheral retina for 3601. In all specimens the cornea was collapsed (Figure 2 ) and in four cases, the lens was found to lie on the face of the collapsed vitreous body in the posterior segment. We believe this is due to poor fixation as well as the decalcification process. No bird had evidence of direct blunt trauma to the globe.
Under histologic examination, we observed that the scleral ring consists of compact bone. The ossicular ring, composed of numerous interdigitating bones is located intrasclerally at the level of the ciliary body. In addition, intrascleral cartilage is present posteriorly. The region of overlap between the scleral ossicles and the posteriorly situated cartilage lies external to the region of the ora serrata. This intrinsic scleral cartilage lamina lies within the sclera throughout its extent posterior to the ora.
Discussion
Woodpeckers peck with remarkable intensity and speed. 11 Although no experimental studies have been carrried out to our knowledge, we presume that these birds are protected against acceleration-decelerationimpact-related eye trauma; otherwise there would be a plethora of poorly sighted or blind woodpeckers in nature, which is not the case. An increased prevalence of ocular lesions in woodpeckers has not been noted in the veterinary literature or in the literature relating to wildlife rehabilitation.
Our findings show that woodpeckers possess protective orbital and ocular mechanisms that may explain the lack of known shaking-impact-related eye trauma in these birds.
Orbital structures
We found that the woodpecker globe is 'tightly packed' in the orbit, which minimizes relative motion between the orbit and globe. This is accomplished by the presence of extensive fascial connections between the orbital rim and the globe, a relatively narrow orbital entrance compared to the size of the posterior segment, and a paucity of space between the globe and orbital walls. In addition, the attachments of the periorbita are to a part of the globe that is intrinsically rigid due to the scleral ossicles (there is one intrascleral ossicular ring in each eye comprised of interdigitating scleral ossicles) and intrascleral cartilage, further stabilizing the eye. Movement of the globe is effected by contraction of the extraocular muscles, which are tangential and adherent to the sclera without the presence of a true muscular cone. The anatomy of ocular and orbital structures predicts the globe to allow only limited rotational movement and resistance to translational movement along its axis. This is consistent with the structure of the optic nerve, which has a very short and straight intraorbital course, without the lax, S-shaped configuration seen in humans. It should be noted that this feature of the optic nerve is characteristic of birds in general (CJM unpublished observations).
In addition, videography shows that woodpeckers close their eyes immediately prior to each strike. 12 This not only serves to prevent chips from entering the eye, but may also create a 'seat belt' restraining the globe even further during the intense impact deceleration. 13 This situation is quite different than that seen in infants. The human orbit contains a sizable quantity of orbital soft tissue allowing motion of the globe when a human infant is subjected to abusive accelerationdeceleration forces (ie, SBS). The human intraorbital optic nerve is longer than the distance between the back of the globe and the orbital apex with an S-shaped configuration accounting for the excess. Since the orbital structures are firmly adherent to their entry sites into the sclera and at the orbital apex, violent translational movement of the globe could generate potentially injurious traction at these points of fixation. Haemorrhage and injury to these structures, such as intrascleral haemorrhage at the optic nerve-sclera juncture, intradural haemorrhage in the optic nerve sheath posteriorly, or apical haemorrhage into orbital fat have been demonstrated in autopsies of victims of SBS victims. 6, [14] [15] [16] [17] Stretching and traction injury to the optic nerve might also explain the appearance of optic nerve atrophy, one of the major causes of visual loss in the long-term follow-up of SBS victims. 6 Accelerationdeceleration injury to the orbital contents in SBS may play a role in the generation of retinal haemorrhage through injury to blood vessels or autonomic neural structures destined for the globe. The latter are involved in retinal vascular autoregulation. Like retinal haemorrhages, 6 these orbital findings are not commonly seen in fatal single impact accidental head trauma (AVL, data not shown).
Intraocular structures
In woodpeckers, the strong compact bone of the anteriorly situated scleral ossicles, along with the posterior intrascleral cartilage, converts the sclera from a pliable soft tissue to a less deformable coat. Human infant sclera is noteworthy for its decreased rigidity as compared to adults. 18 From the fifth month of gestation to the age of 3 years the shape of the human sclera may be modified due to stretching of the elastic fibres in the sclera beyond their limit of elasticity when not supported Protective ocular mechanisms in woodpeckers T Wygnanski-Jaffe et al
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Eye by a fully developed collagenous structure. 19 A deformable globe may allow more relative motion of intraocular components, causing humans to be more susceptible to injury from strong accelerationdeceleration-induced forces. A second important difference between the woodpecker and human relates to vitreo-retinal coupling. In birds, the internal aspect of the avascular retina receives its nutrients and oxygen by diffusion from vessels lying within the pecten (the outer retina is supplied by the choroid), which is supplied by vessels running within the optic nerve. It is noteworthy that there is an absence of adhesions between the vitreous and the retina in the posterior pole of the woodpecker eye although the vitreous is attached to the apical bridge of the pecten. This 'draping' of the vitreous, has previously been observed in raptors. 20 The choroid in woodpeckers may serve as a cushion with an unknown mucopolysaccharide filling its interstices. The pectin may also have a role in maintaining an effective cushion as the pectin can fill with blood to briefly elevate intraocular pressure thus possibly maintaining firm pressure on the lens and retina to prevent damage. 21 Optical coherence tomography performed by one of the authors (CJM, data not shown) and co-workers has confirmed the absence of vitreous attachment to the posterior pole in the living red-tailed hawk (Buteo jamaicensis).
This relative lack of vitreo-retinal attachment is in contrast to the situation in children where the vitreous is tightly adherent to the retina at the posterior pole, blood vessels, and peripheral retina. Similarly, traction from a shaking vitreous may also be responsible for the predilection for peripheral 6 and other types of retinal haemorrhage in SBS. In infants the vitreous is more adherent to the retina and more formed than in adults in which the vitreous undergoes a process of liquefaction with aging. These differences may also leave children more susceptible to retinal haemorrhages and traumatic retinoschisis due to acceleration-deceleration. 6, [22] [23] [24] [25] Damage to intraocular components will occur when there is relative motion between intraocular components, leading to shearing, tearing, compression, and extension. Such relative motion will be generated during acceleration and deceleration when adjacent tissues are of different densities, and are tightly coupled to one another so as to allow relative motion. Shearing (tangential) motions are expected to be particularly dangerous at the vitreo-retinal interface, due to the layered structure of the retina. Further, shearing motions will be most pronounced when the plane of ocular structures coincides with the axis of accelerationdeceleration. In the woodpecker eye, the lack of coupling of the vitreous to the posterior pole, as well as the orientation of the eye with respect to the axis of striking, drastically reduces such relative shearing motions. This would reduce the possibility of shaking-induced retinal injury, such as traumatic retinoschisis.
Comparison with other avian species
Many of the ocular and orbital adaptations described for the woodpecker are present in all avian species. Specifically, the presence of intrascleral bone and cartilage is a hallmark of avian ocular anatomy. The lack of vitreal attachments to the retina at the posterior pole has only been explored in a few species. Although we did not conduct any systematic studies, nor were we able to locate any published accounts for comparison, it is worth noting that the periorbital fascia anchoring the globe to the orbit in all of the woodpeckers examined was more extensive than that found in members of the falconiformes (diurnal birds of prey) that do not display any appreciable pecking behaviour (CJM, unpublished observations). A unique feature of the woodpecker musculature is the presence of dense fibrous condensations within the hyoid musculature which, along with the musculature itself, has been suggested to act as a stabilizer during impact thereby diminishing intracranial trauma. [26] [27] [28] [29] [30] It should be noted that the degree of development of these fibrous condensations is variable between species of woodpeckers. We did not systematically study this anatomic feature in our specimens.
All birds exhibit various degrees of pecking behaviour. From our studies, it seems that woodpeckers, rather than evolving a unique set of morphologic adaptations, have capitalized on these general avian features that, in combination with the unique hyoid musculature, allow execution of its uniquely powerful pecking behaviour. The absence of significant interspecies variation in the woodpeckers we studied supports this concept as pecking behaviours between species of woodpeckers can also vary considerably. For these reasons we believe that enlarging our sample size is unlikely to uncover new findings.
Future work
Future studies might involve live birds, attempting to surgically impair the presumed protective mechanisms (eg disruption of globe fixation by inducing orbital rim fracture) and then allowing the woodpecker to resume its striking behaviour with subsequent observation regarding induced ocular damage due to the unprotected state. However, woodpeckers are difficult to maintain in captivity due to their feeding behaviours. 12 In addition, nonreleasable injured woodpeckers may exhibit reduced pecking behaviour as they develop other feeding adaptations in captivity (AVL, data not shown).
Repeating our work with freshly euthanized woodpeckers would also be helpful as we found that prolonged formalin fixation creates challenges for fine tissue dissection particularly in the periorbita. Although we have obtained Federal and State licenses to collect live birds, this too has proven quite challenging.
Another problem with the woodpecker model is the absence of retinal vessels. Only mammals (with a few rare exceptions) have true intraretinal vessels. Many species have what appear to be retinal vessels that are actually epiretinal vessels as in frogs. We are currently planning to use a mechanical shaker with rats, focusing on orbital and ocular injury. It is also our intent to explore other possible natural models such as ground hogs that are shaken to death by dogs.
Acceleration-deceleration with or without blunt impact is a key element in the ocular insult of SBS. [14] [15] [16] [17] Shaken infants experience head movements in all planes due to their weak cervical musculature, proportionately larger head size, and perhaps an increasingly altered state of consciousness as brain injury ensues. Angular and rotational forces are particularly important in the generation of the characteristic injuries. 31 Woodpeckers experience a pure anterior-posterior strike which is anticipated, so that its effects can be minimized by keeping the woodpecker's head in the plane of its body. In this way, the head does not rotate during pecking, in contrast to the situation in human infants undergoing violent shaking.
In addition the woodpecker may be protected to some extent by its small brain size resulting in a small ratio of brain weight to brain surface area. Any impact force would be spread out over a relatively large area making its brain somewhat more resistant to concussion than a human's brain. The infants head in contrast is proportionately much larger relative to the body and pivots on the neck accentuating the anterior-posterior movement causing injury. 21 Although infant and woodpecker accelerationdeceleration are different in many aspects, our data offer possible indirect insights into the pathophysiology of eye injury in SBS. Our findings suggest that woodpeckers have protective adaptations that, by the absence of such mechanisms in human infants, support current theories regarding the potential injurious effect of repetitive acceleration-deceleration in generating the retinal haemorrhages and other forms of ocular injury seen in SBS through translation of the globe and orbital tissue injury, vitreo-retinal traction, and scleral deformation.
